OBJECTIVE: Leptin, the product of the obesity (ob) gene, is a multi-functional polypeptide that is important in energy metabolism, which is strongly correlated with body fat mass and body mass index (BMI). In a recent prospective study, we found that leptin was positively associated with 4 y weight gain among overweight and obese men. This suggests that leptin resistance, marked by hyperleptinemia among obese subjects, may be an important marker for weight gain. The purpose of this study is to evaluate whether modi®able dietary and lifestyle factors are associated with plasma leptin concentrations among US men. METHODS: We included 268 men aged 47 ± 83 y (who were free of cardiovascular disease, diabetes mellitus and cancer, except nonmelanoma skin cancer) from the ongoing Health Professionals Follow-up Study. These subjects completed a detailed dietary and lifestyle questionnaire (including cigarette smoking, alcohol drinking and physical activity) and provided a fasting venous blood sample in 1994. All blood samples were stored in a deep freeze (À 70 C) for 4 ± 5 y before being analyzed. Plasma leptin concentrations were measured by radioimmunoassay. RESULTS: Men in the highest quintile of plasma leptin (mean 14.4 ngaml) weighed more, were less physically active, and had higher total and saturated fat and cholesterol intake than men in the lowest quintile (mean 3.0 ngaml). Physical activity and current smoking were inversely associated with plasma leptin concentrations (P`0.001). A 20 MET difference in physical activity per week (equivalent to approximately 3 h of jogging) was associated with 0.38 ± 0.58 ngaml lower plasma leptin concentrations for normal weight and overweight men after adjusting for total energy and fat intake, BMI and other confounding variables. Total fat and monounsaturated fat intakes were positively associated with plasma leptin concentrations even after adjusting for BMI and other confounding variables; however, this association was limited to men of normal weight (BMI`25 kgam 2 ). CONCLUSION: These data suggest that physical activity may be a signi®cant determinant of plasma leptin concentrations in men. Increasing physical activity is associated with lower plasma leptin concentrations even after adjusting for BMI. Physical activity may lower leptin concentrations not only due to decreased body fat mass, but potentially through an increase in leptin sensitivity.
Introduction
Leptin, the protein product of the obesity (ob) gene, was originally identi®ed as an important regulator of energy metabolism, but recent evidence suggests that it is a multifunctional polypeptide and is associated with the occurrence of obesity and insulin resistance in humans; 1 ± 13 it is primarily derived from adipocytes. Previously we found a direct association between plasma leptin concentrations and subsequent weight gain in a 4 y follow-up of 268 men.
14 This positive association was limited to overweight men (BMI!25 kgam 2 ), which suggests that hyperleptinemia coupled with leptin resistance may trigger weight gain among obese subjects. With the exception of large changes in obesity, few other factors have been identi®ed which can modify leptin concentrations (or leptin resistance). Short and long-term energy restriction is associated with a reduction in plasma leptin concentrations, 15 ,16 yet leptin concentrations rapidly return to baseline when calorie restriction is terminated. 17, 18 The mechanisms for such changes in leptin are unclear.
In animal models, a high-fat diet may augment ob gene expression and increase circulating leptin concentrations. 19 ± 21 In humans, short-term studies suggest that obese subjects consume a greater percentage of their total energy as fat and that intake of saturated and monounsaturated fat is correlated with obesity. 22 ± 24 However, in long-term trials, the relationship between dietary fat composition and weight gain is modest and inconsistent. 25 The relationship between diet composition and leptin is not well understood. Insulin can stimulate leptin mRNA expression and increase circulating leptin concentrations by acting on adipose tissue. 26, 27 Previous studies have suggested that carbohydrate intake, rather than fat consumption, may be most strongly associated with the changes of plasma leptin concentrations. 28 ± 30 Exercise increases energy expenditure and leads to weight loss. Physical activity may be associated with a decrease in plasma leptin concentrations through decreased adiposity and decreased leptin production. 31 ± 33 Alternatively, exercise may increase leptin sensitivity, 34 followed by a subsequent decline in leptin production through unknown feedback mechanisms. Interestingly, several previous studies have found an inverse association between cigarette smoking and plasma leptin, indicating that current smokers have lower leptin concentrations than non-smokers. 35, 36 Whether this association is independent of diet and exercise is not known.
Therefore, we evaluated the relationship of diet and lifestyle patterns on plasma leptin concentrations among adult males. We hypothesize that total energy and carbohydrate intake are associated with higher plasma leptin concentrations and that physical activity and cigarette smoking are associated with lower concentrations independent of adiposity.
Materials and methods
The Health Professionals Follow-up Study The Health Professionals Follow-up Study (HPFS) is a prospective study, designed primarily to investigate the association between diet and chronic disease among men. At baseline, in 1986, 51 529 male US dentists, pharmacists, veterinarians, podiatrists and osteopathic physicians, who were 40 ± 75 y of age, completed a detailed questionnaire assessing average dietary intake, lifestyle characteristics and medical history. Every 2 y, participants are recontacted to ascertain newly diagnosed disease. In 1993 ± 1995, in addition to biennial questionnaire information, 18 225 participants provided blood samples. The distributions of anthropometric, dietary and lifestyle characteristics were similar among those who did and did not return a blood sample. Informed consent was obtained from all participants and the study protocol approved by the Human Subjects Committee.
Research design
From the 18 225 men who returned a blood sample between 1993 and 1995, we excluded 8922 men who had not completed questionnaire information on diet, cigarette smoking, alcohol consumption and physical activity from 1986 to 1994. Because disease conditions may in¯uence body weight, dietary and lifestyle patterns, we also excluded 208 men with cardiovascular disease, diabetes, gastric or duodenal ulcer, liver disease and cancer (except nonmelanoma skin cancer). From the remaining men, we randomly sampled 468 men (47 ± 83 y of age) based on seven clusters de®ned by their self-reported alcohol consumption pattern (eg none, light, moderate, heavy, binge, etc.). For this cross-sectional study, we excluded men who provided a nonfasting (time since last meal before blood draw !6 h) blood sample. All subjects had complete questionnaire information on anthropometric measures, diet, cigarette smoking, alcohol consumption and physical activity in 1994. The ®nal data set included 268 men.
Exposure and outcome measurements
Dietary information. Average nutrient intake was derived from the semi-quantitative food-frequency questionnaire (SFFQ) administered in 1994. For each food, a commonly used unit or portion size was speci®ed, and participants were asked how often, on average, they consumed that amount of each food over the past year. There were nine possible responses ranging from never or less than once per month up to six or more times per day. The questionnaire also contained the types of fat commonly used and an openended section for foods not listed. We computed nutrient intakes by multiplying the consumption frequency of each food by the nutrient content of the speci®ed portion, using composition values from the Harvard University Food Composition Database and US Department of Agriculture sources, 37 supplemented with other data. We adjusted nutrient values for total energy intake using the regression residual method. 38 The SFFQ has been evaluated in detail with regard to reproducibility and validity within the HPFS. 39 The correlation for nutrients estimated by the SFFQs and those measured by the 2 weeks of diet recording ranged from 0.37 for polyunsaturated fat to 0.92 for vitamin C with Dietary and lifestyle factors and plasma leptin levels N-F Chu et al supplements (average 0.65), after adjusting for total energy and within-person variation in intake.
Physical activity measurements. The biennial questionnaires include items to measure the average weekly time spent at four sedentary activities and 10 speci®ed leisure time physical activities during the past year. For each activity, there are 13 response categories ranging from none to !40 h per week. In addition, we asked the average daily number of¯ights of stairs climbed. The number of hours spent on each type of activity was multiplied by its intensity, de®ned in multiples of the metabolic equivalent of sitting quietly for 1 h (MET), to estimate average weekly energy expenditure. In a validation study of this questionnaire among a sub-population of 238 men in the HPFS, vigorous activity assessed by the questionnaire was correlated with resting pulse (r À 0.45) and post-exercise pulse (r À 0.41). 40 Measurements of cigarette smoking and alcohol drinking. On the 1986 baseline questionnaire, we assessed lifetime smoking exposure, including details on dose in each decade of life and time since quitting for former smokers. Current smoking status was assessed on each biennial followup questionnaire. Based on the subject's response to the 1994 answers, we subdivided subjects into four groups, never smokers, past smokers and current smokers (1 ± 14 or !15 cigarettes smoked per day).
Alcohol intake was calculated by summing the frequency and amount of the alcoholic content of beer, red wine, white wine and spirits as reported by the participants on the SFFQ. The alcohol content was estimated as 12.8 gabottle or can of beer (360 ml), 11.0 g for a glass of wine (118 ml) and 14.0 g for spirits (45 ml) . The reproducibility and validity of alcohol consumption measured by self-administered questionnaire has been evaluated in detail within the HPFS. Intakes of alcohol reported over the previous year by SFFQ were highly correlated with intake assessed by two 1 week diet records (r 0.86). 41 Anthropometric measurements. At baseline, participants reported body height to the closest inch and on each biennial questionnaire current weight in pounds. Self-reported body weights were highly correlated with the technicianmeasured weights (r 0.97). 42 We calculated body mass index (BMI) as the ratio of body weight to body height squared, expressed as kgam 2 .
Measurements of plasma leptin concentrations. Blood samples were collected in three 10 ml liquid EDTA blood tubes, placed on ice packs stored in styrofoam containers, and returned to our laboratory via overnight courier; over 95% of the samples arrived within 24 h. Upon arrival, the blood samples were centrifuged and aliquoted for storage in liquid nitrogen (À 150 C). Fewer than 15% of the samples were slightly hemolyzed and very few were moderately hemolyzed (`3%), lipemic (`1%) or not cooled upon arrival (`0.5%). All blood samples were stored in a deep freezer (À 70 C) for 4 ± 5 y before being analyzed. Plasma leptin concentrations were measured by radioimmunoassay (RIA) using a commercial kit (Linco Research, St Charles, MO) with antibody raised to highly puri®ed recombinant human leptin. 43 The inter-and intra-assay coef®cients of variation (CVs) were 8.3 and 3.4%, respectively. We found excellent stability of plasma leptin concentrations in blood specimens collected and stored on ice packs for up to 36 h before processing. 44 
Statistical analyses
Age-adjusted anthropometric, dietary and lifestyle characteristics were expressed as mean values according to the quintile distribution of plasma leptin levels.
We used multivariate regression to evaluate the associations of dietary and lifestyle factors with plasma leptin concentrations after adjusting for potential confounders. We conducted regression diagnostics to test assumptions of linearity and to determine the in¯uence of outliers. Because tests for nonlinearity were not signi®cant, we present only the regression coef®cients from linear models. After excluding potential outliers ( AE 3Ãinterquartile range of the leptin distribution) from the primary analyses, the results were not appreciably different from those presented below. For the multivariate linear regression models, we used the robust variance to insure validity of inference without the need to invoke normal distribution assumptions. 45 In multivariate nutrient density models, we simultaneously included total energy intake, the percentages of energy derived from protein, fat (or carbohydrate), saturated and other speci®c types of fat, cholesterol, and other potential confounding variables. We considered these nutrients as continuous variables. The coef®cients from these models can be interpreted as the estimated change in plasma leptin concentration which would result from substituting a speci®c percentage of energy from fat (or carbohydrate) for the same percentage of energy from carbohydrate (or fat). When estimating the effects of substituting one type of fat for another, the models included all types of fat, so that the effect estimated is one of substituting the given percentage energy from that type of fat for an equal percentage change of carbohydrate. Finally, the interaction between dietary and lifestyle factors on leptin concentrations was evaluated by including a cross-product term (overweight (yes, no)Ãmacro-nutrients, smoking (yes, no)Ãmacronutrient, or activity ( 25, b25 METsaweek)Ãmacronutrient).
The association between lifestyle factors (ie) cigarette smoking, alcohol intake and physical activity) was adjusted for potential confounders (total energy, protein, fat, saturated fat and cholesterol intake andaor BMI) by using multivariate linear regression models.
We compared differences in age-adjusted anthropometric, dietary and lifestyle characteristics across weight categories 
Results
Characteristics of study subjects The study subjects were divided into ®ve roughly equal groups according to plasma leptin levels. Age-adjusted characteristics, including dietary and lifestyle factors, by quintile of plasma leptin are presented in Table 1 . Men in the highest quintile of plasma leptin (mean 14.4 ngaml) weighed more, were less physically active, and had a slightly higher intake of total and saturated fat and cholesterol than men in the lowest quintile (mean 3.0 ngaml).
Multivariate regression models of dietary and lifestyle factors on plasma leptin concentrations
The cross-sectional association between dietary and lifestyle factors in relation to plasma leptin concentrations are shown in Tables 2 and 3 . In Table 2 , percentage of energy intake from total, saturated and monounsaturated fats and cholesterol intake were positively linearly associated with plasma leptin concentrations whereas percentage of energy intake from carbohydrate was negatively associated with plasma Dietary and lifestyle factors and plasma leptin levels N-F Chu et al leptin concentrations (all P`0.01). The associations between total and speci®c fats and carbohydrate intake on plasma leptin concentrations were attenuated and became nonsigni®cant after adjusting for total energy, other nutrient intakes and BMI. For example, after controlling for nondietary covariates, replacing 10% of total energy from total fat with carbohydrate (eg from 10% to 20% of total energy from carbohydrate) was associated with a 1.22 ngaml decrease of plasma leptin concentrations. Similar interpretations may be applied for saturated fat, so that exchanging 5% of energy from carbohydrate for saturated fat (eg 10% vs 15% of total energy from saturated fat) was associated with a 1.75 ngaml increase in leptin concentrations. Controlling for total energy and total protein intakes, the fatty acid composition of the diet and cholesterol substantially attenuated this association to a nonsigni®cant 0.09 ngaml (model 2) difference in leptin for the same absolute difference in percentage of energy from saturated fat. Further control for BMI (model 3) completely eliminated any elevation in leptin associated with higher saturated fat intake. Including interaction terms (smokingÃmacronutrients or activityÃmacronutrients) did not signi®cantly change the ®t of the model, ie no macronutrientÃlifestyle factor interactions were signi®cant. Physical activity was negatively associated with plasma leptin concentrations even after adjusting for total energy and other nutrient intakes (Table 3) . For example, each 20 METaweek increase in activity (about 3 h per week of jogging) was associated with 0.72 ngaml drop of plasma leptin (model 2). The strong inverse association between physical activity and leptin concentrations persisted even after adjustment for BMI (model 3). In Table 3 , past smokers had higher leptin concentrations than never smokers; however, the difference became nonsigni®cant after adjusting for BMI. Current heavier smokers (b15 cigarettesaday) had signi®-cantly lower plasma leptin concentration than did never smokers with the same BMI.
In previous work, we found a positive association between plasma leptin concentrations and subsequent weight gain in a 4 y follow-up among overweight men (BMI!25 kgam 2 ).
14 Because hyperleptinemia may be associated with weight gain among overweight subjects, we conducted analyses strati®ed by obesity level to evaluate modi®able factors associated with leptin concentrations. Table 4 shows the mean ( AE s.d.) and frequency of general characteristics, dietary and lifestyle factors among normal- and !12 h), total energy, total protein, total fat, saturated fat and cholesterol intake. § Model 3 includes age, cigarette smoking, alcohol drinking (average gaday), physical activity (average METsaweek) and time since last meal (two categories, 6 ± 11
and !12 h), total energy, total protein, total fat, saturated fat and cholesterol intake and body mass index. } Never smoking is the reference group, current-light is de®ned as 1 ± 14 cigarettesaday and current-heavy as !15 cigarettesaday. {MET is de®ned as the metabolic equivalent of energy expended while sitting quietly for 1 hr. a P`0.05; b P`0.01; c P`0.001 compared with normal-weight group adjusted for age.
Dietary and lifestyle factors and plasma leptin levels N-F Chu et al weight and overweight subjects. In general, overweight men had higher leptin concentrations were less physically active, had more total energy intake, and had less energy intake from carbohydrate and more energy intake from saturated fat than normal-weight subjects. Total carbohydrate intake was inversely associated with plasma leptin concentrations among normal-weight men; however, this association was not signi®cant after adjusting for BMI and other nutrients (Table 5) . Substituting percentage of energy intake from total and monounsaturated fat for the same percentage of energy from carbohydrate intake was positively associated with plasma leptin concentrations even after controlling for BMI and other macronutrient intake among normal-weight, but not overweight subjects (P-values test for interaction 0.029 for monounsaturated fat and 0.038 for total fat) ( Table 5) . Fat (total, saturated and monounsaturated) was positively associated, and carbohydrate was negatively associated with plasma leptin concentrations among overweight subjects; however, this association was attenuated and no longer signi®cant after adjusting for BMI and other potential confounding variables. BMI, as a marker of body fat mass, was the most important confounder for dietary factors in relation to leptin concentrations among overweight men.
Physical activity was signi®cantly negatively associated with plasma leptin concentrations among normal and overweight subjects, even after controlling for body mass index and other potential confounding variables. In general, a 20 MET increase of activity per week was associated with 0.38 and 0.58 ngaml lower plasma leptin concentrations for normal and overweight subjects, respectively. The strong negative associations between heavy smoking and leptin concentrations persisted for both strata of body weight. Finally, there was no signi®cant association between alcohol intake and plasma leptin concentrations in either normal or overweight subjects.
Discussion
In this cross-sectional study of 47 ± 83 y old US men, we found that physical activity and current smoking were associated with signi®cantly lower plasma leptin concentrations. Substituting total fat and monounsaturated fat intake for an equal percentage of total energy from carbohydrate was positively associated with plasma leptin concentrations even after adjusting for BMI and other confounding variables, but the association was limited to men with normal weight (BMI !25 kgam 2 ). The cross-sectional design of this study complicates the drawing of causal inferences. However, the dietary and lifestyle factors we measured in this study represent the average exposure over the year previous to the blood drawing. Thus, it may be reasonable to assume that the characteristics of diet and lifestyle factors might be prior to the changes of plasma leptin concentrations however, further prospective research and intervention studies are needed to con®rm this. Dietary and lifestyle factors and plasma leptin levels N-F Chu et al
The single measurement of plasma leptin concentration in this study may only represent short-term status multiple or serial plasma leptin measurements may be preferred to increase statistical power. However, in a sub-sample of 82 men from this population who provided blood sample 4 y apart, we have observed an excellent intra-class correlation for leptin (r 0.74) and any error is small for these. Measurement error from using self-reported dietary intake and lifestyle variables is relatively small 39, 40 and should not appreciably bias our results because reporting error should be minimal associated with these biological markers.
We recognize that the HPFS cohort does not represent a random sample of US men. Therefore, the distribution of the plasma leptin concentrations, patterns of diet and lifestyle characteristics may not re¯ect those of the general population in the US. However, the biological relationship between diet, lifestyle and leptin in this cohort should be similar to those among men in general. The range of dietary and lifestyle predictors and plasma leptin concentrations is quite broad, providing a unique opportunity to evaluate the associations of dietary and lifestyle characteristics on plasma leptin concentrations.
Leptin is strongly positively correlated with body fat mass and acts as an afferent signal controlling energy balance. 9 In animal models, leptin triggers satiety, yet in humans obese subjects have higher circulating leptin concentrations than the nonobese. The strong association between body fat mass and elevated circulating leptin in humans suggests that hyperleptinemia, as a marker of leptin resistance, may contribute to the development of obesity and associated disorders. 1 ± 13 Therefore, factors like physical activity and dietary fat may not directly in¯uence production of leptin, but may operate through altering leptin sensitivity or bioavailability.
The relationship between dietary fat intake and the development of obesity is not consistent. 25 Although cross-sectional studies generally report a positive association between fat intake and obesity, long-term trials of highfat and low-fat diets do not show strong effects on weight gain. Similarly, the relationship between diet composition and leptin concentration is controversial. In animal models, dietary fat increases adipose tissue obese (ob) gene mRNA expression and plasma leptin concentrations. 19 ± 21 The relationship between fat intake and plasma leptin concentrations is independent of other food intake and body weight changes, but may be related to the changes in plasma insulin concentrations. 21, 46 In humans, the relationships between diet composition and leptin concentrations are more complicated. They may involve total energy intake, diet composition, cigarette smoking, physical activity, insulin concentrations, body weight changes and other factors which in¯uence energy metabolism. In general, plasma leptin is correlated with total energy intake, 15, 16, 47 however, the role of total fat intake and diet composition may be less important after controlling for body fat mass and insulin concentrations. 28 ± 30,48,49 We found a positive association between substituting total and monounsaturated fat intakes for carbohydrate in an isoenergetic diet and plasma leptin concentrations even after adjusting for BMI, physical activity and intake of other nutrients. However, this association was limited to men with normal weight. The possible rationale of this ®nding may be due to dietary patterns (diet fat intake and fat composition) being important factors in modulating plasma leptin levels in normal-weight subjects. However, dietary patterns are not so important modulators as other metabolic factors (such as glycemic status and insulin concentrations) for plasma leptin concentrations in overweight men. Total body fat mass and insulin resistance may be more important factors than dietary fat in the regulation of leptin expression and production. Previous work that did not ®nd an association between diet fat and plasma leptin may have failed to evaluate the composition of dietary fat, 28, 48 had too small a sample size, 49 or too short a study period duration, 30, 49 or included only overweight men. The duration and amount of exercise is signi®cantly correlated with changes in plasma leptin concentrations. 33 Endurance exercise training may decrease leptin, independent of changes in plasma insulin and body fat percentage. 34 Alternatively, some results show that the association between physical activity and leptin concentrations might be dependent on body fat mass. 31, 32, 48 In our study, physical activity was negatively associated with plasma leptin concentrations even after adjusting for BMI among normalweight and overweight men. However, it is possible that physical activity could be associated with lower body fat content, and thus lower leptin levels, without differences in BMI. On average an extra 20 METs physical activity per week was associated with 0.38 (normal weight) ± 0.58 (overweight) ngaml lower plasma leptin concentrations after adjusting for total energy and fat intake, body mass index, and other confounding variables. Our results also suggest that physical activity is the strongest independent predictor of plasma leptin levels. This association may be not only due to decrease of body fat mass but also an increase in leptin sensitivity that reduces plasma leptin concentrations.
Cigarette smoking is associated with lower body weight and is negatively and independently associated with body fat. 50, 51 In our study, current smokers had signi®cantly lower and past smokers had higher leptin concentrations than those who never smoked, even after adjusting for BMI. It has been suggested that smoking may be associated with a decrease in body fat mass and food intake, 50 ± 52 and an increase in energy expenditure and thermogenesis. 52, 53 Furthermore, smoking may be associated with an increase in leptin sensitivity. 35, 36 The higher leptin concentrations among past smokers could be a marker of loss of leptin sensitivity. This could explain, in part, the usual weight gain that accompanies smoking cessation. 52, 53 Some studies have shown that higher alcohol consumption is associated with total energy intake 54 and favors fat storage and weight gain, 55 which may increase adipocyte
Dietary and lifestyle factors and plasma leptin levels N-F Chu et al mRNA expression of leptin. 36 Our results do not indicate an association between alcohol intake and plasma leptin concentrations overall or in either normal weight or overweight men. Alcohol intake does not seem to be a major modulator of energy intake and leptin production. This may be due to lack of a consistent association between alcohol consumption, total energy intake, and body mass index in our study. 56 Further studies of alcohol consumption, total energy intake, body fat deposition and leptin production are needed to clarify these interactions.
In conclusion, we found a negative association between physical activity and current smoking with plasma leptin concentrations. This association persisted even after adjusting for body mass index and other confounding variables, which suggests that physical activity and cigarette smoking may be associated with higher leptin sensitivity and lower leptin production. Furthermore, substituting total and monounsaturated fat intake for carbohydrate was positively associated with plasma leptin concentrations, but this association was limited to normal-weight subjects. If physical activity improves leptin sensitivity, this would provide further evidence of the necessity of incorporating physical activity into weight loss and prevention of weight gain programs. Further study is needed to evaluate the effect of physical activity, smoking and diet composition relative to leptin expression and production to better understand the complicated relationship between dietary fat, leptin and body fat.
